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INTRODUCTION
Cell-based therapies, combined with tissue engineering, have the potential to bring regenerative medicine to the clinic. A major challenge is the development of selective substrates that are permissive and instructive for the growth of complex functional tissue in vitro. The requirements for selective cell attachment, survival, migration, growth, and differentiation will require an integrative understanding and application of cellular and molecular responses to the chemical, mechanical, and topological properties of substrates.
A wide range of natural and synthetically designed materials have been employed to culture and expand mammalian cells within tissue culture substrates, bioreactors, and implantable scaffolds. Despite their reduced bioactivity, synthetic biomaterials offer advantages over natural substrates, including reduced risk of immunological response and disease transmission and controlled properties. For example, the ability to manipulate structure through chemistry and fabrication provides opportunities to engineer specific properties, including biodegradation, fouling, drug elution, and biofunctionalization, which are desirable for introducing tissue-specific targeting and tissue regeneration and remodeling. The characterization of newer generation cell-interactive materials requires complex considerations and is further hampered by the lack of integrated data on extracellular matrix and protein conditioning, cell adhesion, motility, apoptosis, and differentiation processes, as well as the mechanisms of outsidein signaling on biomaterials. While rapid methods for quantifying protein adsorption have been developed (1) (2) (3) (4) , the characterization of cellbiomaterial interactions at the cellular and subcellular level remains timeconsuming and expensive (5) . A need exists for qualitative and quantitative tools that can rapidly assess cellular response to biomaterial substrates.
Green fluorescent protein (GFP) technology has revolutionized the detection and analysis of dynamic structural and biochemical changes in living cells (6, 7) . We have developed genetically engineered cell lines expressing a series of GFP fusion genes that visually report on a variety of physiological properties in living cells. The present study describes a new way to utilize these GFP fusion genes as visual live reporters for quantitative characterization of cellbiomaterials interaction. Using quantitative image analysis, the reporter information can be further dissected to yield molecular level metrology of the cell-material interactions.
Biomaterials used in this study were from the family of tyrosine-derived polycarbonates synthesized utilizing previous published procedures (8) (9) (10) (11) (12) . Polymers derived from desaminotyrosyl tyrosine alkyl ester (DTR) monomers were named poly(DTR carbonate)s with R representing ethyl (E) or octyl (O). Copolymers of x mole% desaminotyrosyl tyrosine alkyl ester with y mole% desaminotyrosyl tyrosine with a free acid (DT) and z% polyethylene glycol (PEG) blocks of 1000 MW were identified as poly(x%DTE-co-y%DT-co-z%-PEG 1000 carbonate). Finally, copolymers of x mole% iodinated desaminotyrosyl tyrosine alkyl ester with y mole% iodinated desaminotyrosyl tyrosine (DT) and z% PEG blocks of 1000 MW were identified as poly(x%I 2 DTE-co-y%I 2 DT-coz%-PEG 1000 carbonate) (Figure 1 ). This library of polymers was used to evaluate the sensitivity of cell reporters to changes in substrate hydrophobicity (hydrophobicity is increased with length of alkyl chain; thus, DTO is more hydrophobic than DTE) (13, 14) ; stiffness (increased with iodination; decreased with PEG incorporation) (11, 12) , charge (incorporation of DT adds negative charge at physiologic pH) (8, 15, 16) , and protein-repulsive character (increased PEG levels lower protein adsorption) (17, 18) . Twodimensional polymer films were spincoated (Photo Resist Spinner; Headway Research, Garland, TX, USA) onto 15-mm glass coverslips with 100 μL of a 0.2-μm pore polytetrafluoroethylene (PTFE)-filtered, 1% polymer solution in 98.5% methylene chloride/1.5% methanol (v/v). All polymer surfaces were sterilized by exposure to UV.
Cell Culture and Transfection
GFP-based plasmids were obtained from academic laboratories (19, 20) (see Acknowledgments) and commercial sources (Clontech, Mountain View, CA, USA) (Table 1) and were targeted to specific organelles through the addition of a short localization signal [such as GFP-farnesylation (f)] and to specific cytoskeletal proteins (such as GFPactin) (see Table 1 ). Several model cell lines were employed, including CHO-K1 (ATCC, Manassas, VA, USA) and Saos-2 (a gift from David Denhardt; Rutgers University). The cells were propagated in F12H (Invitrogen, Carlsbad, CA, USA) supplemented with glutamine, penicillin-streptomycin, and 10% fetal bovine serum (FBS; SigmaAldrich, St. Louis, MO, USA). Cells were transfected with Lipofectamine™ supplemented with PLUS™ reagent (Invitrogen), and stable lines were selected using 0.5 mg/mL (Saos-2) or 1 mg/mL (CHO-K1) G-418 (SigmaAldrich). Utilizing G-418 selection, cell populations with as high as 80% of total cells expressing the fluorescent reporters were achieved. Where indicated, cells were fixed via treatment with a 4% paraformaldehyde solution for 15 min at room temperature.
Imaging
For lower resolution imaging, cells were seeded at a density of 3000-7400 cells/cm 2 and imaged with a Nikon Eclipse TE 2000-S inverted fluorescence microscope with digital photomicrographs obtained using Image Pro-Plus software (Media Cybernetics, Silver Spring, MD, USA). High-content confocal imaging was performed using the same above cell seeding densities with a TCS SP2 laser-scanning spectral confocal microscope (Leica Microsystems, Exton, PA, USA).
Morphometric Analysis
Morphometric descriptors were quantified using high-resolution, singlecell, confocal images obtained from cells expressing GFP-fusion proteins through Image Pro Plus (see Table 2 ). Individual cell images were processed with commercially available software. Raw images were exported to Image Pro Plus Version 5.1 for Windows ® (Media Cybernetics). Images first underwent image enhancement optimization (image contrast, brightness, and γ-value adjusting) to equalize image intensity histograms. Contrast enhanced images were then filtered utilizing a ten-pass Gaussian filter and then a series of Flatten filters. A pseudo-automated adaptive thresholding process was then employed, allowing the whole cell and individual cytoskeletal proteins to be separately segmented based on the image intensity histogram. Once either the whole cell or individual cytoskeletal elements were segmented, shape and higher order moment descriptors were calculated utilizing the count object menu in Image Pro Plus on the segmented objects. Multiple cells examined for each polymer substrate were used to calculate a population distribution for each descriptor. Descriptors included: (i) cellular morphologic parameters; area, perimeter, length of major and minor axes of the ellipse with the same geometric area of the cell, mean radius, mean diameter, roundness, protrusions, and protrusion length, mean feret length, maximum feret length and minimum feret length; (ii) cytoskeletal parameters; fractal dimension, margination, heterogeneity, clumpiness, and average fiber length/width; (iii) focal adhesion parameters; integrated optical density, heterogeneity, margination, clumpiness, focal adhesions per cell, strength of focal adhesion region, and total area of actinin/paxillin rich structure per cell; (iv) texture metrics; and (v) higher order moments; skewness and kurtosis (see Table 2 ).
Apoptosis
Two approaches were used to quantitatively track apoptosis in Saos-2 cells cultured on selected biomaterials. Cells were labeled 
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either with a mitochondrial transmembrane potential-sensitive cationic dye (MitoCapture™ Mitochondrial Apoptosis Detection kit; Biovision, Mountain View, CA, USA), or transfected with Saos-2/GFP-GAPDH, and imaged after 3 days in culture. The mean pixel intensity of apoptotic green fluorescence minus background was determined in mitocapture-labeled cells using ImageJ software (NIH) (21) and normalized to the number of nuclei counterstained with Hoechst dye (Sigma-Aldrich) in each image field. For GFP-glyceraldehyde 3-phosphate dehydrogenase (GAPDH)-expressing cells, the total pixel intensity of nuclear regions was determined separately from the total intensity of cytoplasm after subtracting background using ImageJ. The ratio of the nuclear-associated intensity compared with that within the cytoplasm was quantified from eight single cell-images obtained through four independent experiments (n = 8, where n is the total number of cells examined) (21, 22) .
Statistical Analysis
Statistical analysis was performed on morphometric parameters using SPSS software (SPSS; Chicago, IL, USA), and included analysis of variance (ANOVA) with Tukey's HSD post hoc method, principal component analysis, and other multivariate statistical tools. All the other comparisons were performed using Student's t-test. A p value <0.05 was considered significant. Results are mean ± sem
RESULTS

Biomaterials-Responsive Cell GFP Reporters
Immortal cell lines engineered to express GFP fusion proteins (Table 1) were used as probes to identify differential cellular and molecular morphologies induced by variations in composition and processing of biodegradable, polymer substrates.
First, we sought to demonstrate the utility of the live reporter imaging for detecting changes in material hydrophobicity. As shown in Figure 1 , live cell imaging of GFP-f-transfected Saos-2 cells allowed the discrimination of several cellular morphologic differences in response to two different biomaterials-poly(DTE carbonate) and the more hydrophobic poly(DTO carbonate) (water contact angles of 73° and 90°C, respectively, as by goniometry) (13) . The extent of cell spreading was quantified following digital image analysis using cells expressing GFP-f, a farnesylated variant that confers fluorescent demarcation and resolution of the plasma membrane. Morphometric descriptors of average cell area, perimeter, length of major and minor axes, and diameter of Saos-2/GFP-f cells demonstrated reduced cell spreading on poly(DTO carbonate) relative to poly(DTE carbonate) (see Figure 2 ). These differences correlated with organizational differences in the cytoskeleton and focal adhesions. Morphometrics of focal adhesions quantified by analyses of Saos-2/GFP-actinin and Saos-2/GFP-paxillin cells, showed different margination, clumpiness, the number of focal adhesions per cell, integrated optical density, and total area of actinin/paxillin rich regions between the two polymers. These results demonstrated that hydrophobicity of poly(DTO carbonate) might reduce the number and strength of paxillin-rich structures, and restrict their localization to the cell periphery. Visual observation also confirmed that Saos-2 exhibited fewer and shorter stress fibers and significantly fewer, less organized focal adhesions on poly(DTO carbonate) in comparison to the cells on poly(DTE carbonate).
Heat Map Representation of Cell Descriptors for Combinatorial Biomaterials
Morphometric image analysis can be a powerful tool in identifying cellular responses to biomaterials that may seem qualitatively difficult to distinguish. As indicated in Figure 3 , Saos-2/ GFP-actin cells grown on poly(DTE carbonate), poly(DTE carbonate co-4% PEG), poly(DTE co-10% DT carbonate), and poly(DTE co-4% PEG co-10% DT carbonate) were nearly indistinguishable through visual observation. However, through quantitative morphometry, it was possible to expose polymer-dependent differences in cell shape-based descriptors. Selected descriptors of cellular morphology showed statistical variations on the different substrates. Certain material discriminating descriptors (MDDs) are sensitive to the addition of PEG (perimeter), charge (radius and radius ratio), or both PEG and charge to the polymer backbone. While the addition of PEG or charge alone to the polymer backbone did not result in significant changes in cellular shape, the combination of both charge and PEG had a profound effect. From the color-coded heat map, descriptors can be identified that are responsive to single elements of chemical change within a combinatorial library. For example, the radius ratio of a cell is statistically different with Research Reports the addition of charge to the polymer backbone, regardless of the presence of PEG. Because radius ratio appears sensitive to the addition of charge to the substrate, it therefore functions as one cellular morphological reporter of the presence of charge to the polymer.
Morphometric Descriptors of Cell Functional Fates on Biomaterials
In addition to morphological features, GFP-based signaling reporters were used to characterize functional differences in cellular response to constitutive difference in the substrates. For example, it has been demonstrated that GFP-GAPDH translocates from the cytoplasm to the nucleus during early stages of apoptosis (23) in a wide variety of cell types. A significant increase in apoptosis (measured via MitoCapture assay) was seen in Saos-2/GFP-GAPDH cells grown on poly(I 2 DTE carbonate) compared with growth on poly(DTE co-10% DT carbonate) (p < 0.05). We quantified the inverse margination descriptor of Saos-2/GFP-GAPDH distribution within cells grown on poly(DTE carbonate), poly(DTE co-10% DT carbonate), and poly(I 2 DTE carbonate), which is indicative of the cytoplasmic to nuclear distribution of GFP-GAPDH. This descriptor correlated well with independent measures of cell apoptosis (Figure 4 ).
DISCUSSION
Cell interactions with biomaterials have been traditionally examined in terms of cellular functions, which are then correlated to biomaterial properties. However, many cell functions do not respond systematically to variations in biomaterial chemistry or physical features, confounding the elucidation of the underlying structurefunction relations. This challenge gets compounded for the next-generation biomaterials that are combinatorially designed and synthesized. Such polymeric materials present a wide range of chemical, structural, and physical properties that can interact in multiple ways with biological systems-including extracellular matrix components and cells. The present report offers a simple approach to quantitatively profile biomaterials in terms of intracellular descriptors of the morphometric organization of GFP-engineered cells.
The current development of GFP-based expression markers has proceeded largely following the emphasis on detecting on and off molecular expression and interaction involved in intracellular events. Examples include GFP-based proteinprotein interactions, histone methylation, and tyrosine kinase activity (24) (25) (26) It is challenging to resolve the qualitative differences between cells on the multiple substrates. However, the heat map representation of the quantitative descriptors allows such differences to be determined. A strong statistical difference in descriptor value (Student's t-test, p value → 0) is represented by blue, a moderate difference by turquoise, a minor difference by orange, and no statistical difference (p value → 1) by red. Note that the colors do not indicate whether the descriptor value is higher or lower than the descriptor value for cells cultured on poly(DTE carbonate). 
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and (iii) relate cell morphometrics to cell functions. The major advantage of using GFPbased live reporters to profile biomaterials is the ability to easily obtain dynamic imaging over time compared with the need for multiple, fixed preparations inherent to immunocytochemical methods, and the introduction of artifacts related to the use of vital stains (27) (28) (29) . In addition, by eschewing fixation of tissue or cell specimens, artifacts related to possible differential cell adhesion to chemically and structurally diverse biomaterial surfaces can be avoided. For instance, we have observed that cell morphologic descriptors in fixed cells are altered in relation to those of unfixed, reporter cells ( Figure 5 ). While heterogeneous cell morphologies were observed on substrates both with and without fixation, population distributions of live cells imaged on particular substrates were highly reproducible. When cells underwent fixation, not only were calculated morphometrics incongruent with those attained in live cell imaging, but the relative trends of the descriptors based on polymer chemistry were skewed. For example, the calculated average cell area for live cells cultured on poly(DTE co-10% DT carbonate) was indistinguishable from those cultured on poly(DTE carbonate). However, when cells were fixed, the average cell area on the charge (DT) containing polymers doubled relative to those on DTdeficient poly(DTE carbonate) ( Figure  5 ). Cell fixation and subsequent processing (washes) allows only the most adherent cells to be imaged and evaluated, skewing the complete range of morphogenetic response of cells to the substrate. The practical limitation posed by the GFP-reporter approach is the challenge of generating specific GFP fusion genes and their introduction into a variety of different cell types. This problem is magnified by the low frequency of transfection often associated with primary cells, which are coincidentally just the cells whose responses to polymer substrates are of most interest to biomaterials scientists and bioengineers. For this reason the cell types employed in this study for method development were the CHO-K1 and Saos-2. Their immortalized nature facilitated the development of reporter cells because they demonstrated high-transfection efficiencies with the ability to undergo numerous stable line selection passages without perturbation of cellular behavior. However, the method presented may be adapted to primary cell lines of interest given that the desired fusion genes can be incorporated into the primary cell lines, albeit with low efficiency. The morphological screening method presented is amenable to low-transfection efficiencies because not every cell need be imaged, just enough cells to provide a representative population distribution. Thus, while this study utilizes immortalized cell lines for method development, the method is robust in that it can be adapted for the characterization of primary cells cultured on biomaterial substrates.
Our studies using cell fluorescent reporters demonstrated differences in cellular response associated with polymer constitutive and surface properties. For example, increased substrate hydrophobicity generated by side chain extension or the inclusion of iodine into p(DTE carbonate) reduced cell spreading descriptors and altered the organization of structural components of the cytoskeleton and focal adhesions. Using the distribution descriptors for GFP-GAPDH, we confirmed that polymers-incorporating iodine stimulated apoptosis in Saos-2 cells. Although mechanisms of apoptosis on our substrates are not clear, these results are consistent with previous studies have shown that molecular iodine (30) and excess iodide in the form of KI (31) can stimulate apoptosis in vitro in breast and thyroid cells, respectively, and that hydrophobic substrates elicited increased apoptosis in human osteosarcoma cell line, MG63 (32) .
The heat map representation of the calculated descriptors represents a powerful tool for the efficient analysis of cell-biomaterial interactions. Combinatorial-based libraries with large numbers of polymers are particularly well suited to this method of analysis. The heat map representation may facilitate the rapid identification of polymer substrates of interest because polymers that elicit statistically different cell population morphologies are readily identifiable. Through our heat map analysis, we identified poly(DTE co-4%PEG co-10%DT carbonate) as a polymer that induces large morphological changes in cellular functions. Previously, Weber et al. identified polycarbonates containing PEG and DT as those that invoked desired cellular and protein adsorption responses for use in blood contacting polymer stents (33) . This finding was ascertained via the systematic and time-consuming study of copolymer systems, but might have benefited from a more high-throughput cellular-based heat map-based approach that could have isolated cell profiles for polymer compositions of interest.
In conclusion, we present a simple imaging and image analysis-based approach to decode simplest morphologic cell responses to biomaterials. These approaches can be easily extended to other two-dimensional substrates as well as three-dimensional materials. The descriptors defined in this study are morphometric in nature, but can, in theory, be extended to other aspects of the cytoskeletal organization, as well as to its dynamics. More rigorous modeling approaches will be necessary to relate the cell descriptors to biochemical signal inputs from the substrate, on the one hand, and to the downstream cell functions, on the other. Taken together, these experimental approaches coupled with computational approaches for mining and modeling the data may have the potential to advance the field of biomaterial informatics (34) and to piece together the biological data necessary to put together material biointeractomes. Dimension of the object's outline calculated as 1 minus the slope of the regression line obtained when plotting the log of the perimeter against the log of the stride length. Heterogeneity
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Fraction of pixels that vary more than 10% from the average intensity of the object.
Integrated Optical Density
Average intensity/density of each object. Margination Distribution of intensity between center of object and its edge. Perimeter
Length of the outline of object using a polygonal outline. Radius (Max, Min)
Length of the longest/shortest line between the object centroid and its perimeter.
Radius Ratio
Ratio between the maximum and minimum radius. Roundness Square of object perimeter divided by 4π times object area.
The descriptor definitions were adapted from those available in Image Pro Plus.
